First principles LDF cluster theory is used to determine the structure of Auand Ag-hydrogen complexes in Si. The theory, with an empirical correction, is then applied to extract their donor and acceptor levels and these are compared with capacitance transient spectroscopic measurements. Assignments of these levels to specific H defects are then made. Models for the defects responsible for the neutralization of the electrical activity of the Au and Ag centers are proposed.
2 λ (r) V (r) dr. Here, V is the difference between the potential for an infinite solid and a finite cluster and is the same for the defect and the standard if each were embedded in identical clusters. Now, if the energy level of the defect is close to that of the standard then the asymptotic decay of the highest occupied wavefunctions will be similar as these decays are related to the distance between the levels and the band edges. Moreover, as the total charge of the defects are the same, i.e., +1/2 e for donor levels, then the amplitudes of the wavefunctions outside the defect cores are expected to be the same if the wavefunctions possess the same symmetry. Hence, the first order shift in ionization energy of the defect will be the same as that as the standard.
The electronic levels are found by embedding the defect in either tetrahedral 131 (Si 71 H 60 ), or trigonal 134 (Si 68 H 66 ), H-terminated atom clusters. The wavefunction basis consists of N Cartesian s, p Gaussian orbitals sited on each atom. N independent d-orbitals were sited on the TM impurity. The charge density is fitted to M Gaussian functions. In this study, (N, M) are: Au (6, 12) , Ag (7, 14) , Si (4, 5) and H (2, 3) . Three extra functions, located midway between each bonded pair of atoms, excluding the H-atom terminators, were added to the basis for the wavefunction, and the charge density. The clusters were relaxed, as described previously [13] , in either the +1/2e, −1/2e, or −3/2e charge state to obtain the (0/+), (−/0) or (=/−) electrical levels. Calculations on large clusters and basis gave similar (0/+) levels for the lattice divacancy. Table I gives the calculated acceptor (relative to E c ) and donor levels (relative to E v ) of several deep level defects as well as the experimental activation energies. The agreement is within about 0.2 eV. The ionization energy of the vacancy-oxygen pair (A-center), VO, falls more than 0.28 eV below that of C i and thus the defect does not possess a (0/+) level consistent with experiment. However, the calculated donor level of VP lies at E v + 0.2 eV and probably is to deep by this amount as no donor level has been reported for this defect. The H-C i -C s defect gives a prominent luminescent line (the T -line) and is known to possess an acceptor level at E c − 0.2 eV [14] but the donor level is unknown. The calculated levels for both C i -P and the divacancy, V 2 , lie within 0.2 eV of those observed. Remarkably, the theory gives a donor level of H BC to be close to that observed even though the level is well separated from that of the standard defect C i . H AB is a deep acceptor at midgap consistent with the inverted ordering of H related levels. It is of interest to note that the (−/0) levels of V 2 O and V 2 are very similar and highlights a problem with deep level transient capacitance spectroscopy, DLTS, in being able to distinguish levels of such similar defects.
To describe second acceptor levels, the electron affinities of negatively charged defects must be compared with each other. We use as a standard the PtH 2 defect which is known to possess a second acceptor level lying between the P donor level at E c − 0.043 eV and the (−/0) level of C i [15] . We take this value to be E c − 0.073 eV. The (=/−) level of V 2 is then at E c − 0.35 eV and close to E c − 0.23 eV assigned to the defect previously [16] .
We now consider Au and Ag defects. Neutral Au and Ag have a electronic configuration t 3 2 and are slightly distorted T d defects with the impurity moving 0.03Å along [100] for Au and 0.01Å for Ag. The resulting C 2v symmetry is consistent with EPR experiments on Ag [17, 18] and optical absorption studies on Au [19, 20] . The Au-Si and Ag-Si lengths are all between 2.6 and 2.7Å. We also find a small adiabatic reorientation barriers of 0.11 eV for Au 0 s , and 0.14 eV for Ag 0 s . These are upper limits to the barrier and tunneling probably plays an important role as reorientation can occur at cryogenic temperatures [19] . The donor and acceptor levels are given in Table II and again are within 0.2 eV of those found by DLTS [21] .
We now apply this theory to the complexes of substitutional TM impurities with hydrogen. There are three likely positions for the H atom. These are (a) when H sits at an anti-bonding, AB, site to a Si neighbor of the TM impurity, (b) AB sited to the TM impurity, and (c) bond centered, BC, sited between the impurity and Si. For the AuH 1 defect, configurations (b) and (c) are less stable than (a) by 0.23 and 0.47 eV respectively. This result is sensitive to basis size and a smaller basis reverses this ordering [22] . The H stretch vibrational frequencies for the three configurations are given in Table III along with experimental results [23] . Agreement is best for the configuration (a) but the sense of the small shifts arising with different charge states are not reproduced. The H-reorientation barrier among the equivalent <111> directions is 0.41 eV for (a) and 0.23 eV for (b). The observed barrier is athermal and presumably must proceed by a tunneling mechanism. Local density functional calculations usually overestimate barrier energies [24] . For structures (a) and (c), the shift in frequency on replacing 28 Si with 29 Si is < ∼ 1 cm −1 for each charge state. For configuration (b) where H is bonded to the impurity, the shift is negligible. Thus, although the energy and vibrational mode calculations favor configuration (a), the observed low reorientation barrier favors configuration (b).
For AuH 2 and AgH 2 defects with C 2v symmetry, configuration (a) is more stable than (b) or (c). This structure is the same as that suggested by magnetic resonance on PtH 2 defects [15] . AuH 2 defects have been detected by infra-red (IR) absorption studies [23] . For the configuration (a), Table IV shows that the separation in frequencies between the symmetric (A 1 ) and antisymmetric (B 1 ) modes is much closer to experiment than the separations in configurations (b) and (c).
The electrical levels are determined assuming that a low spin state results from the addition of each H atom. The addition of one H atom lowers and splits the t 2 level into a filled a 1 level lying below a half-filled e level. The lowering of the t 2 manifold is off-set by the splitting so that the differences in the donor and acceptor levels from those of the TM impurity are quite small. Table II A second H atom, added in configuration (a), results in an additional electron occupying the e manifold which is pushed downward and splits with the upper level being occupied. Thus once again there are only small shifts in the donor and acceptor levels on going from say AgH 1 to AgH 2 . The e-manifold is filled for (AuH 2 ) − and (AgH 2 ) − , and a second acceptor level can only arise from a new state entering the gap. The calculations give no hint for such states and hence the dihydrogen defects do not possess (=/−) levels.
Adding a third H fills the e manifold which is now pushed below E v . Thus AgH 3 and AuH 3 do not possess any donor levels. However, it appears that an empty level, due to the 5s and 6s levels of Ag and Au respectively, creeps into the band gap. We place the resulting (−/0) levels of AgH 3 and AuH 3 at 0.13 and 0.26 eV below E c .
In conclusion, the calculations show that AuH n and AgH n , n = 1, 2 defects, possess (0/+) and (−/0) levels close to Au and Ag, while only the monohydrides possess (=/−) levels. The trihydride defects possess shallow acceptor levels.
DLTS studies have led to a number of levels assigned to AuH n and AgH n defects. There are two uncertainties in identifying these levels. Firstly, the number of H atoms associated with each level and secondly its character. Annealing and defect profiling studies have shown that the G1 (at E c − 0.19 eV), G4 and G2 levels due to Au-hydrogen arise from the same defect [25] . The location of the levels (see Table II ) and their emission cross-sections suggest that they correspond to (=/−), (−/0) and (0/+) respectively. This has been supported by minority carrier transient spectroscopic measurements [26] . The deep penetration of these defects is taken to imply that they possess one H atom. Similar considerations show that in the Ag case the E3 (at E c − 0.09 eV), E2 and H2 levels are due to (=/−), (−/0) and (0/+) levels of AgH 1 [27] . Such assignments agree with our calculations (Table II) . We can exclude AuH 2 and AgH 2 as being responsible for these levels as these defects do not possess a (=/−) level. [27] argue that these levels should be assigned to AuH 2 and AgH 2 . There has been some changes of view as to their character [29] but the most recent opinion [27] is that they are donor (0/+) levels. This agrees with our calculations. Our results also imply that the corresponding (−/0) levels are very close to those of AuH 1 and AgH 1 respectively. Evidence for these (−/0) levels has been more difficult to obtain. However, an early DLTS [30] and a recent Laplace-DLTS study [31] on Au-doped Si, show a level G4 at E c − 0.58 eV while the difference in the concentrations of E2 and E3 in the surface region is taken to imply the existence of the (−/0) level of AgH 2 labeled E6 [27] . The G4 and E6 levels are close to the calculated (−/0) levels.
Both Au and Ag can be passivated by hydrogen [1, 2] and our calculations suggest that AgH 3 and AuH 3 are candidates given our errors can be around 0.2 eV. However, in the case of gold, a level at ≈ E c − 0.28 eV [32] arises after a long room temperature anneal [33] and this is close to the calculated (−/0) level of AuH 3 . If this level arises from this defect, then the passive defect cannot be due to substitutional Au complexed with H atoms.
Molecular hydrides AuH or AgH are chemically stable with dissociation energies ≈ 3.1 eV and large ionization energies. If these formed within a void whose surface is passivated by H, then the defects would be electrically inactive. Calculations were carried out on a decavacancy, containing AuH and AgH, and whose inner surface was passivated by H [34] . The resulting ionization and electron affinity were such that no gap levels are present and such defects are then passive. However, whereas it is known that voids form in plasma treated or H-implanted material, it is unclear whether they, or a multivacancy complex containing Au and Ag, can be produced by wet chemical etching.
In summary, the calculations have allowed us to determine the structure and electrical activity of TM-hydrogen defects. This has allowed us to assign the observed DLTS levels to specific defects. AuH 3 and AgH 3 defects have filled t 2 -manifolds lying in the valence band and lack donor activity. They possess shallow 6s and 5s acceptor levels. Molecular hydrides of the metal impurities are passive when inserted into voids or passivated multivacancy centers.
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